Introduction {#Sec1}
============

Chickpea (*Cicer arietinum* L.), the third most important legume crop of the world, is grown in nearly 52 countries^[@CR1]^. South Asia is the leading producer of chickpea which contributes about to three-quarters of the global chickpea production^[@CR2]^. There are two main types of cultivated chickpea genotypes, desi and kabuli which can be distinguished by the size, shape and color of the seeds. Kabuli genotypes have larger, rounder and cream-colored seeds that are largely grown in North Africa, West Asia, North America and Europe, whereas desi genotypes have relatively smaller, angular-shaped and dark colored seeds mostly grown in Asia and Africa^[@CR3]^. Chickpea seeds have good nutritional value---they contain high amounts of unsaturated fatty acids and are an inexpensive source of high quality plant protein for millions of people in developing countries^[@CR4],[@CR5]^. They are also rich in minerals, dietary fibers and vitamins such as tocopherol (both γ and α), folic acid, riboflavin (B2), pantothenic acid (B5), pyridoxine (B6), and carotenoids such as β-carotene, lutein, cryptoxanthin and zeaxanthin^[@CR6]^.

Chickpea plants have a deep taproot system which helps them extract water from deeper soil layers and enhances their capacity to withstand limited water stress. Chickpea is a crop of temperate areas and most of its cultivation is done on the sandy loam soils under low-rainfall conditions. Loam and fertile sandy soil have good internal drainage; therefore they are considered the best mediums for the growth of chickpea plants^[@CR2],[@CR7]^. In the rainfed areas, chickpea production is low and unreliable due to these marginal lands where the success of crops is dependent upon the availability of soil moisture through rains.

In Pakistan, chickpea is cultivated in rainfed areas i.e. sandy desert, which is not connected to the irrigation system. Chickpea is the only crop that can be cultivated due to its deep taproot system which helps it survive in desert lands where no other crop plant can survive. Chickpea produces more grains under limited water conditions because with excessive rain/irrigation chickpea growth becomes inclined towards producing more leaves than pods.

Our main focus of this study was to assess the drought stress responses of kabuli and desi chickpea genotypes when grown in chickpea cultivation rainfed areas as opposed to in the greenhouse. This strategy was based on the understanding that unlike cereals, legumes cannot be grown well in greenhouses or in pots, an artificial environment where all conditions like temperature, irrigation and light can be controlled. Moreover, plants skip facing natural environmental factors like biotic and abiotic stresses when grown in greenhouses. Due to unpredictable climate change, climate-resilient crops must be developed with the ability to grow in natural farmer fields with resistance to stresses present in these open fields. In the present study, we adopted this approach to evaluate advanced breeding lines of chickpea in open fields. Drought stress was intended to be induced by growing chickpea in one of such areas; Kallur Kot, situated in desert Thal, District Bhakkar in Punjab. Nuclear Institute for Agriculture and Biology (NIAB) farms were used as irrigated controls that are located in Faisalabad division. The Faisalabad division shares some environmental factors with the selected rainfed area but differs in soil structure, composition and rainfall intensity. A description of the environment is given in supplementary information (Table [S1](#MOESM1){ref-type="media"}). The yield was taken as the determining factor of drought tolerance in this study.

Plants decrease stomatal conductance during water scarcity which results in a reduced CO~2~ fixation, and a decrease in the rate of photosynthesis, followed by a reduction in growth and yield of plants^[@CR8],[@CR9]^. However, plants can protect themselves against mild drought stress by accumulating osmolytes^[@CR10]^. Osmolytes are low-molecular weight organic compounds which are also known as compatible solutes because they are non-toxic for cells and do not interfere with normal metabolism, even when present at higher concentrations^[@CR11]^. Targeting osmolytes and other small molecules in order to study legume stress response could help in the understanding of the mechanisms that plants adapt to maintain their homeostasis under abiotic stress conditions. To achieve this goal, we focus on metabolomics, which plays an important role in understanding the complex shifts that occur in plants under environmental perturbation, such as drought and/or limited water stress, salinity, nutrient limitation, extreme temperature as well as biotic stresses, such as pathogen attacks^[@CR12]^. Influence of water stress on chlorophyll content, proline content, transpiration, photosynthesis and stomatal conductance has been reported in chickpea in drought-tolerant and drought-sensitive varieties^[@CR13]^. Also, photosynthetic characteristics, leaf water potential, and reproductive development of two chickpea genotypes with different yields in the field have been compared and reported under terminal drought stress^[@CR8]^. Recently, variations in metabolic levels were reported in drought-sensitive and tolerant varieties of chickpea which were grown in a greenhouse^[@CR14]^.

In this study, untargeted metabolite profiling of advanced breeding lines of desi and kabuli chickpea genotypes was performed in order to identify the metabolites associated with drought-tolerant genotype of chickpea. The results of this study can further be used to predict gene functions by analyzing associated metabolites.

Results {#Sec2}
=======

Measurements of drought tolerance of chickpea genotypes {#Sec3}
-------------------------------------------------------

In the present study, the drought tolerance of chickpea genotypes was measured as a function of yield performance in control (irrigated) and drought (rainfed) stressed conditions. Plants grown in rainfed desert areas were assumed to experience drought stress mainly due to (i) limited rainfall and (ii) soil composition and structure in comparison to the irrigated control where the soil is more fertile and which has relatively more rainfall. However, among chickpea genotypes, desi type is reported to be more tolerant to drought stress than the kabuli genotypes^[@CR15],[@CR16]^. Farooq et al., reported that desi genotypes were found more tolerant to drought stress due to greater accumulation of osmolytes than kabuli genotypes^[@CR17]^.

Our results also validate these findings and revealed that the kabuli genotypes displayed relatively greater yield reduction when subjected to drought stress under natural field conditions in comparison to their respective irrigated controls as compared to desi genotypes (Table [1](#Tab1){ref-type="table"}; Supplementary Material, Fig. [1](#MOESM1){ref-type="media"}).Table 1Mean grain yields of genotype groups in control (irrigated) and drought (rainfed) conditions.Sr. no.GenotypeTypeGrain yield (g)/plot^a^Yield loss in drought (%)^b^ControlDrought1CH 40/09Desi819536352CH 39/08Desi928808133DCDDesi1,192344714CH 49/09Desi728464365AZCDesi736360516D-13036Desi817544337D-13012Desi958416578D-13011Desi938400579CH 32/10Desi7944404510D-13029Desi7704564111D-13031Desi7994005012CM584/09Desi7924724013CH10/08Desi7926481814CH 1/11Desi7045122715CH 3/11Desi6413364816CH 13/11Desi7524883517CH 50/11Desi6722726018CH28/10Desi8404964119PB-2000Desi6883844420Bittel-16Desi7203285421CH-2016Desi7204673522Paidar-91Desi4002244423E-26Desi4983522924K-850Desi640616425BKK 2,174Desi1,0095124926BK-2011Desi1,02635266Mean784447421K-01216Kabuli848190782CH 55/09Kabuli944224763K-01211Kabuli1,031312704CH 61/09Kabuli760344555TG12K-07Kabuli881440506BKK2174Kabuli1,056472557CH76/08Kabuli765424458CH 77/08Kabuli968288709K-01209Kabuli6914084110DG-2017Kabuli4391307011K-01241Kabuli8983306312K-01308Kabuli8633845613K-01242Kabuli6013524114CM877/10Kabuli6244243215K-01240Kabuli6211447716TG12K02Kabuli5011606817Noor-13Kabuli7923445718CM2008Kabuli77037651Mean78131959^a^Mean grain Yield (g) per plot (1.8 m^2^).^b^Mean yield loss in drought as percentage of control mean yield.

Besides, analysis of variance also showed that variations in grain yield caused by drought stress in Kabuli genotypes were more pronounced in approximately 73% of total variations; however, the figure was 58% in desi genotypes. Similarly, genotype variations in kabuli genotypes were lesser---i.e. 19% of total variations---than desi genotypes i.e. 26% (Table [2](#Tab2){ref-type="table"}), which indicates that Desi chickpea has more diversity in it when grain yield was accounted for in stressed and non-stressed conditions. These results clearly indicate that desi genotypes acquired better drought tolerance from mother nature than kabuli genotypes.Table 2Analysis of variance grain yield vs treatment, genotypes.SourceDFSS (%)MSFP**Desi-genotypes**Genotype25658,331 (26)26,3331.670.104 nsTreat11,471,010 (58)1,471,01093.240\*\*Error25394,397 (16)15,776Total512,523,738 (100)**Kabuli-genotypes**Genotype17492,220 (19)28,9542.180.059 nsTreat11,916,840 (73)1,916,840144.410\*\*Error17225,652 (9)13,274Total352,634,713 (100)

Metabolite analysis of desi type of chickpea {#Sec4}
--------------------------------------------

After alignment of the data of desi chickpea plants, a total of 414 metabolites were detected and filtered by frequency, fold change and probability. T-test was applied to determine the significant difference between rainfed and irrigated control samples at probability 0.05 and fold change \> 1.5 and a list of 19 metabolites was found to be significantly different on these parameters. Among them, 11 compounds were found to be up-regulated and 8 were down-regulated (Table [3](#Tab3){ref-type="table"}). Up-regulated metabolites were including sugars; [d]{.smallcaps}-fructose, allose, α -[d]{.smallcaps}-glucopyranoside, and fucose; two sugar alcohols inositol, myo-inositol; and other compounds such as malic acid, [l]{.smallcaps}-proline, ethylamine, butane 1,2,3-triol. While four acids including threonic acid, gluconic acid, malonic acid, oxalic acid; two sugar alcohols including xylitol, erythritol; and a sugar arabinofuranose were down-regulated.Table 3List of up-and down-regulated metabolites in desi chickpea genotypes grown under rainfed conditions in comparison to irrigated controls.S. no.Compound (CAS registry numbers)Retention time*p* (corr) rainfed vs controlLog FC (abs) rainfed vs control**List of up-regulated metabolites**1α-[d]{.smallcaps}-Glucopyranoside (19159-25-2)43.793.63E−081.362[d]{.smallcaps}-Fructose (19126-98-9)29.205.01E−040.933Inositol (29412-27)32.009.83E−151.684Malic acid (38166-11-9)21.606.74E−131.625Butane 1,2,3-triol (33581-76-9)16.502.38E−071.33673.0\*22.798.12E−061.157Myo-Inositol (2582-79-8)34.503.67E−211.828[l]{.smallcaps}-Proline (7364-47-8)16.304.50E−061.189Allose (2595-97-3[)]{.ul}30.104.50E−061.1810Fucose (117307-13-8)34.201.21E−061.2411Ethylamine (2477-39-6)5.2994.50E−061.18**List of down-regulated metabolites**1Threonic acid (13752-84-6)23.508.29E−15− 1.692Xylitol (14199-72-5)26.621.90E−17− 1.753Malonic acid (18457-04-0)13.603.50E−10− 1.494Erythritol (18547-29-0)22.793.83E−06− 1.195Arabinofuranose (43225-70-3)28.261.22E−05− 1.136Oxalic acid (18294-04-7)19.201.97E−07− 1.317306.0\*30.702.33E−08− 1.388Gluonic acid (34290-52-3 )30.506.01E−13− 1.62\**m/z* of base peak of unidentified metabolite.

PCA was generated which showed a notable trend of separation for the two groups i.e. the irrigated control plants and the plants grown under rainfed conditions (Fig. [1](#Fig1){ref-type="fig"}A). Each sample in this PCA score is represented by a single point. The variance of the first three components on X, Y, and Z were found to be 57.9%, 7.28%, and 6.37%, respectively. The bar chart was drawn on the basis of normalized average intensities of 19 metabolites showing an up-regulation of 11 metabolites (bar above the baseline of 0) and downregulation of 8 metabolites (bar below the baseline of 0) in rainfed samples as compared to irrigated control (Fig. [1](#Fig1){ref-type="fig"}B).Figure 1(**A**) PCA score plot of control and rainfed samples of desi chickpea genotypes. (**B**) Bar chart showing up-and down-regulation of 19 significant metabolites under rainfed condition in comparison to irrigated controls, i.e. at fold change \> 1.5. (11 metabolites are upregulated and 8 are down regulated).

Supervised Partial Least Square Discriminant Analysis (PLS-DA) was performed and a model was built in order to classify samples into discrete classes. The dataset was divided into two equal groups: one part was used for training, and the other part for testing. Thus, a confusion matrix was generated. The results of the confusion matrix are provided in the supplementary information (Table S2). Plot obtained by PLS-DA score (Fig. [2](#Fig2){ref-type="fig"}A), showing a clear separation trend between the rainfed conditions and irrigated control plants. Sensitivity and specificity were also measured from the constructed model, and was found to be 100%.Figure 2PLS-DA score scatter plots of chickpea genotypes discriminating among rainfed and irrigated (control) plants based on their differentiated metabolites data, (**A**) desi genotypes, (**B**) kabuli genotypes.

Metabolite analysis of kabuli type of chickpea {#Sec5}
----------------------------------------------

A total of 260 metabolites were detected from the kabuli chickpea samples and a list of 13 metabolites was found to be significantly different between rainfed and irrigated control group using t-test at the probability of 0.05 and fold change \> 1.5. Mannofuranoside, arabino-hexose-2-ulose, maltose, beta-D-glactofuranoside, sucrose, trehalose and oxalic acid were found to be down-regulated, while three organic acids, malic acid, threonic acid, malonic acid, and a sugar [d]{.smallcaps}-fructose were up-regulated (Table [4](#Tab4){ref-type="table"}). PCA model was generated on kabuli chickpea samples, which showed a notable difference between irrigated control plants and the plants grown under rainfed conditions. The variance of the first three components on X, Y, and Z were found to be 55.93%, 13.6%, and 10.95%, respectively, (Fig. [3](#Fig3){ref-type="fig"}A). The bar chart was built on the basis of normalized average intensities of 13 metabolites, showing an up-regulation of 5 metabolites (bar above the baseline of 0) and downregulation of 8 metabolites (bar below the baseline of 0) in rainfed samples as compared to irrigated control as shown in Fig. [3](#Fig3){ref-type="fig"}B.Table 4List of up-and down-regulated metabolites in kabuli genotypes of chickpea grown under rainfed condition in comparison to irrigated controls.S. no.Compound (CAS registry numbers)Retention time*p* (Corr) rainfed vs controlLog FC (abs) rainfed vs control**List of up-regulated metabolites**1Malic acid (38166-11-9)21.607.6E−30.892Threonic acid (13752-84-6)23.581.4E−20.803Malonic acid (18457-04-0)13.671.4E−20.804D-Fructose (19126-98-8)29.163.0E−30.995208.0\*54.002.2E−31.02**List of down-regulated metabolites**1Trehalose (42390-78-3)43.902.2E−3− 1.022Sucrose (19159-25-2)44.852.5E−04− 1.19373.0\*28.798.7E−06− 1.384Mannofuranoside (6737-01-5)28.106.4E−06− 1.405Arabino-hexos-2-ulose (74685-71-5)21.807.5− 0.906Maltose (6363-53-7)43.401.10E−07− 1.557Oxalic acid (18294-04-7)19.193.73E−09− 1.658β*-d*-Galactofuranoside (55493-81-7)29.008.76E−06− 1.37*\*m/z* of base peak of unidentified metabolite.Figure 3(**A**) PCA score plot of control and rainfed samples of kabuli chickpea genotypes. (**B**) Bar chart showing up-and down-regulation of 13 significant metabolites under rainfed condition in comparison to irrigated controls, i.e. at fold change \> 1.5. (5 metabolites are upregulated and 8 are down regulated).

A prediction model of water-stressed versus control plants was built by using thirteen significantly important metabolites of kabuli genotype of chickpea. PLS-DA score plots showed a clear separation trend between the plants grown under rainfed, and irrigated control conditions (Fig. [2](#Fig2){ref-type="fig"}B). Sensitivity and specificity were also measured from the constructed model which was found to be 94.11% and 100% respectively, while the overall accuracy of the model was 97.14%, (Supplementary Material Table [S3](#MOESM1){ref-type="media"}). On the basis of observed up- and down-regulated metabolites, oxalic acid, threonic acid, [d]{.smallcaps}-Fructose, malic acid, and malonic acid were found to be common between the desi and kabuli genotypes.

Pathway analysis {#Sec6}
----------------

In order to find out relevant metabolic pathways using *p*-values and fold change of each metabolite, an online available software ChemRICH was used^[@CR18]^. Identified metabolites were used to generate the pathways from KEGG metabolic pathway database (Supplementary Material, Figs. [S3](#MOESM1){ref-type="media"}--[S5](#MOESM1){ref-type="media"}). In desi chickpea genotypes, three metabolite clusters with significant impact were obtained (Supplementary Material Table [S4](#MOESM1){ref-type="media"}), including dicarboxylic acid cluster with four altered metabolites; threonic acid, malonic acid, malic acid and oxalic acid. Sugar alcohols cluster with four altered metabolites including xylitol, erythritol, inositol and butane-1,2,3-triol. Hexose cluster including four monosaccharides, α-[d]{.smallcaps}-Glucopyranoside, [d]{.smallcaps}-fructose, allose and fucose. The key compounds of the above mentioned clusters were threonic acid, xylitol and α-[d]{.smallcaps}-Glucopyranoside respectively. (Fig. [4](#Fig4){ref-type="fig"}A). From the sugar alcohol cluster inositol was found to be involved in inositol phosphate metabolism which plays an important role in diverse cellular functions, such as cell growth, cell migration, apoptosis, endocytosis, and cell differentiation. As in the desi genotypes, inositol was found to be up-regulated in the plants grown in the rainfed condition as compared to irrigated control plants, this is clearly showing that the inositol phosphate metabolism was perturbed in the rainfaid plants. Because inositol serves as an osmoprotectant, we can state that inositol phosphate metabolism served as a defense strategy in desi chickpea genotypes against limited water stress. From the monosaccharides cluster, D-fructose was found to be involved in the starch and sucrose metabolism.Figure 4Chemrich enrichment plots showing metabolite clusters with significant impact in chickpea genotypes under rainfed conditions, (**A**) desi genotypes, (**B**) kabuli chickpea genotypes.

In kabuli chickpea genotypes, metabolite clusters with significant impact were of monosaccharides including [d]{.smallcaps}-fructose, mannofuranoside, Arabino-hexos-2-ulose and β-[d]{.smallcaps}-Galactofuranoside. Disaccharides cluster including three compounds; trehalose, sucrose and maltose. Dicarboxylic acid cluster includes four metabolites namely malic acid, malonic acid, threonic acid and oxalic acid. The key compounds of these clusters were mannofuranoside, maltose, and oxalic acid respectively (Fig. [4](#Fig4){ref-type="fig"}B). From sugar clusters of monosaccharides and disaccharides [d]{.smallcaps}-fructose, trehalose, sucrose, and maltose were found to be involved in starch and sucrose metabolism. Sucrose is the end product of photosynthesis, serves in the production of energy, and the synthesis of complex carbohydrate. Among the 4 metabolites involved in starch and sucrose metabolism, [d]{.smallcaps}-fructose also indirectly influenced the amino sugar and nucleotide sugar metabolism.

Discussion {#Sec7}
==========

In this study, we have identified 19 significant metabolites from the desi chickpea samples and 13 from the kabuli chickpea samples. The identified metabolites include sugars, sugar alcohols, organic acids, alcohols, and amino acids. A recent study on chickpea plants grown in pots under drought stress has identified mainly amino acids^[@CR14]^. They have used the controlled green house environment for inducing drought effects on plants and analyzed samples with a modified C18 column (PFP). However, we have selected field grown chickpea plant samples which could provide the metabolic changes induced by the limited water availability as well as other environment and field effects, and samples were analyzed through a GC--MS based untargeted metabolomics approach.

An up-regulation of sugars such as D-fructose, fucose and α D-glucpyranoside was observed in desi genotype of chickpea grown under the rainfed condition in comparison with their irrigated control plants. Sugars are among the compatible solutes that function as osmoprotectants in plants and help them to survive in extreme environmental conditions^[@CR19]^. During water stress, they protect the plants from degradation by reducing the effects of osmotic stress resulting from the shortage of water, maintaining the turgidity of leaves and prevent proteins from dehydration. Sugar accumulation prevents cell membrane from oxidation under water deficiency^[@CR20]^ and decreases the rate of photosynthesis in the plants grown under limited water conditions. An up-regulation of α-[d]{.smallcaps}-glucopyranoside, which is a derivative of glucose, was observed, while accumulation of glucose in plants under limited water condition induces stomatal closure, and impose plant adaptability under drought stress^[@CR19],[@CR21]^. An up-regulation of allose sugar which belongs to the group of rare monosaccharides, was also observed in desi chickpea genotypes^[@CR22]^.

Up-regulation of [l]{.smallcaps}-proline was also observed in desi chickpea genotypes grown in the rainfed condition as compared to the irrigated control. According to previous studies proline accumulates in significant quantities in plants under several biotic and abiotic stresses including water stress^[@CR11]^. It plays an essential role in plants grown under drought stress conditions. For example, proline reduces the oxidative damages of membrane caused by reactive oxygen species, and improves signal transduction pathways. It also stabilizes DNA and protein complexes^[@CR23]^. Up-regulation of [l]{.smallcaps}-proline in desi chickpea plants grown under the rainfed condition as compared to the irrigated plants in this study, suggest that desi chickpea genotypes has accumulated proline for the maintenance of cellular homeostasis, and compensating the adverse effects coming from the limited availability of water. Sugar alcohols, polyols, inositol and myo-inositol were up-regulated in desi genotypes of chickpea grown in rainfed condition. Polyols are involved in stabilizing the macromolecules and scavenging hydroxyl radicals and in this way preventing membranes and enzymes from oxidative damage. Accumulation of polyols in plants is directly related to their tolerance to water stress. They function either by osmotic adjustment, facilitating the retention of water in cytoplasm, and allowing sodium sequestration to the vacuole or apoplast. This might also function through protection of cellular structure by scavenging reactive oxygen species^[@CR24],[@CR25]^. Malic acid, butane-1,2,3-triol, glyceric acid, and ethylamine were also found to be up-regulated. Malic acid accumulation may not be because of the drought stress but rather due to the stomatal regulatory system that works in tandem with a plant hormone abscisic acid^[@CR26]^. However, down-regulation of threonic acid, malonic acid, oxalic acid, gluconic acid, xylitol, erythritol, and arabinofuranose was observed.

The data of kabuli chickpea genotypes showed a down-regulation of six sugars, trehalose, arabino-hexose-2-ulose, maltose, sucrose, mannofuranoside, and α-[d]{.smallcaps}-glactofuranoside as well as oxalic acid, while up-regulation of [d]{.smallcaps}-fructose and three acids; malic acid, threonic acid, and malonic acid in the rainfed kabuli chickpea genotypes as compared to their irrigated control. Sucrose is the most frequently reported sugar in stress response. Its accumulation is normally associated with higher stress tolerance^[@CR27]^. Down-regulation of the sugars in rainfed samples in comparison to irrigated control samples suggests that these plants were unable to accumulate osmoprotectants and protect themselves from adverse effects of limited water supply. The metabolic rate of citric acid cycle is also affected by limited water supply. Plants decrease stomatal conductance during water scarcity, it has been noted that the mitochondrial respiration is reduced under water stress conditions due to reduced carbohydrate synthesis resulting from the decrease in CO~2~ fixation. Therefore, because of substrate limitation, it is possible that the intermediates of the citric acid cycle, for example, succinic acid and malic acid exhibit a decreased level under stress conditions^[@CR28],[@CR29]^.

Conclusion {#Sec8}
==========

This study identified differentiating metabolic behavior of chickpea genotypes grown under rainfed conditions versus the same genotypes grown in irrigated conditions as a control in the field. In general, desi type of chickpea was found to be tolerant than kabuli type, because the desi genotype has shown the lesser yield reduction than kabuli chickpea genotype when grown in the field under limited water stress. In agreement with the field data, desi chickpea accumulated compatible solutes as osmoprotectants, such as, myo-inositol, [l]{.smallcaps}-proline, [d]{.smallcaps}-fructose, allose and fucose. Kabuli genotype of chickpea showed drought intolerant behavior as compatible solutes were down-regulated in rainfed conditions. This indicates that genotypes in this group may give better performance in irrigated conditions. Identified metabolic pathways were found to be important in rainfed condition and most probably compensating the adverse effects of limited water stress. It is expected that the findings of this study will help to understand the biochemical status of chickpea plants under limited water stress and can be used to monitor and assess performance in crop breeding programs.

Materials and methods {#Sec9}
=====================

Cultivation of chickpea and sample collection {#Sec10}
---------------------------------------------

A total of forty four advanced breeding lines of chickpea were used in this study which comprised 18 kabuli and 26 desi genotypes. Seeds of these genotypes were sown in the field at NIAB, Faisalabad, as irrigated control, Water was supplied before sowing and no water was supplied through irrigation up to maturity to avoid excessive vegetative growth. Chickpea produces more grains under limited water conditions because with excessive water or irrigation chickpea plants begin producing more leaves than pods. Another set of forty four genotypes was sown in the field under rainfed conditions at Kaloor Kot during the season of 2016--2017 (Supplementary Information Table [S1](#MOESM1){ref-type="media"}). The experiment was conducted in three replicates with a randomized complete block (RCBD) design having row length 3 m, row to row distance of 30 cm and plant to plant distance of 15 cm for each genotype. The soil moisture content, measured randomly at the time of sampling, was 15--17% at Kalur kot and 25--30% at NIAB. Leaf samples were collected at the time of pod setting from the middle part of the plant (Supplementary Material, Fig. [2](#MOESM1){ref-type="media"} for metabolite analysis.

Chemicals and reagents {#Sec11}
----------------------

All the reagents used during the study were of analytical grade. Methanol and pyridine were purchased from Tedia (Tedia way, Fairfield, USA). MSTFA (*N*-methyl-*N* (trimethylsilyl) trifluoroacetamide) was purchased from Chem-Impex International Inc. (Wood Dale, Illinois, USA). Methoxyamine hydrochloride and ribitol were purchased from Sigma Aldrich (St. Louis, MO, USA). Deionized water (Milli-Q) was used throughout the study (Millipore, Billerica, MA, USA).

Sample preparation and derivatization {#Sec12}
-------------------------------------

Leaf samples were ground to a powder by using standard procedure^[@CR30]^. And all three biological replicates for the individual genotypes were pooled for GC--MS analysis. Enzyme inactivation was done by the addition of 700 μL methanol (precooled at -- 20 °C) in 150 mg of plant sample containing 60 μL of ribitol (0.4 mg/mL stock in milli-Q water) as an internal quantitative standard in a 2 mL Eppendorf tube. The tube was vortexed for 10 s, and then shaken on the thermomixer at 800 rpm for 15 min at 70 °C. After mixing the tube was centrifuged at 11,000×*g* for 15 min, the supernatants were transferred into another 2 mL Eppendorf tube and 700 μL milli-Q water and 370 μL chloroform were added. The tube was vortexed and centrifuged at 2,200×*g* for 10 min^[@CR30]^. Aliquots of polar layer (150 μL) were dried in a vacuum concentrator. The dried extract was stored at − 20 °C until the time of analysis. The dried samples were then derivatized with the addition of 40 μL methoxyamine hydrochloride in pyridine (20 mg/mL). The tube was vortexed and mixed on the thermomixer at 30 °C for a 1.5 h and then 70 μL MSTFA was added to convert the organic acids into volatile trimethylsilyl derivative, and mixed for 30 min at 30 °C.

GC--MS analysis {#Sec13}
---------------

GC--MS analysis was performed on 7890A gas chromatography (Agilent Technologies, USA), equipped with an Agilent Technology GC autosampler 120 (PAL-LHX-AG12), coupled to an Agilent 7000 Triple Quad system (Agilent Technologies, USA). HP-5MS 30 m and 0.250 (mm) diameter fused silica capillary column (Agilent J&W Scientific, Folsom, CA, USA), chemically bonded with a 5% diphenyl and 95% dimethylpolysiloxane cross-linked stationary phase (0.25 mm film thickness) was used. The injection volume for GC--MS analysis was 1 μL of the derivatized sample extract. Helium was used as a carrier gas with a flow rate of 1 mL/min. The sample was injected in split mode. Injection temperature was 230 °C. The oven temperature was kept isothermal at 70 °C for 5 min, followed by 5 °C per min ramp to 310 °C. Ribitol was used as a quality control standard before and after every batch, and the mean value obtained from its retention time was 27.32 min with standard deviation of 0.02. A blank was run between the samples in order to remove the contamination. Electron ionization was used as an ionization source for GC--MS analysis at 70 eV. Data was acquired in the full scan mode from *m/z* 50 to 650 with a scan time of 0.5 s. Perfluorotributylamine (PFTBA) was used for mass calibration.

GC--MS data processing and statistical analysis {#Sec14}
-----------------------------------------------

Data processing was performed by Agilent Mass Hunter Qualitative Analysis (version B.04.00). In this study, peak integration parameters on Mass Hunter were set as previously reported^[@CR31],[@CR32]^. MSI level 2 identification of GC--MS peaks was carried out by comparing the mass spectra with already existing data in the NIST mass spectral (Wiley registry) library. The spectral peak matching was set at ≥ 70% similarity index for metabolite identification. All the GC--MS spectra with identification information was converted to CEF format, and exported to MPP (Mass Profile Professional) for further processing. The data was then filtered at the minimum absolute abundance of 5,000 counts, and with minimum 3 number of ions. Alignment parameters were set as retention time tolerance 0.05 min, match factor 0.3, and Delta MZ (low resolution) 0.2. External scalar was used to normalize the data. Z-transform was selected as a baseline option treating all the compounds equally regardless of their intensities. After alignment of the data and compound detection, the compounds obtained were filtered by frequency, fold change, and *p*-value. Principle Component Analysis (PCA) models and bar charts of each group were made for the comparison of highly expressed metabolites in rainfed and irrigated conditions.
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